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Abstract
In extremely dry years when there is a high premium on surface water, irrigation forbearance
agreements help water managers maintain riparian health, fish populations, and ensure water
delivery to downstream users. In order for these programs to maximize their effectiveness and
limit their impact on agricultural communities, water managers should seek the highest return on
investment - or the highest amount of water per acre entered into forbearance. This may be
accomplished by assessing the water requirements of fields and then grouping by conveyance
lateral, to target the highest among them as good forbearance participants. Unfortunately,
irrigation measurement in the Middle Rio Grande (MRG) is done at a low enough resolution that
individual use is challenging to tease apart, and the leading remote sensing methodology capable
of such assessments is cost prohibitive. For this project, we developed a proof-of-concept remote
sensing tool to compare relative water requirements among irrigated fields within laterals in the
MRG using freely available data. Raster images for evapotranspiration (ET) and vegetative
production (NDVI) were obtained through the EEFlux automated ET tool, and calibrated to local
weather stations. Data for soil infiltration rates (saturated hydraulic conductivity, or Ksat) were
obtained through the SSURGO soil survey database. ET and NDVI for each field were ranked and
compared against one another and averaged by lateral, highlighting laterals using more water
relative to their vegetative production. This helped control for fields that were water heavy, but
had high agricultural production to show for it. Ksat values were averaged similarly across
laterals, highlighting areas where water infiltrates most rapidly and puts high demand surface
water underground. By assessing water use not through quantitative methods, but relatively
against one another, this tool spatially identifies laterals that show the greatest potential to yield a
higher amount of water per acre in the MRG. Identifying these laterals has the capability to
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improve the return on investment for water managers and potentially lower the number of acres
that would need to be fallowed for a desired management effect.
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AF

Acre-feet

AFY

Acre-feet per year

BOR

Bureau of Reclamation

CFS

cubic-feet per second

ET

Evapotranspiration

ETa

Actual Evapotranspiration

ETr

Reference Evapotranspiration

ETrF

Fractional ET

ISC

Interstate Stream Commission

Kc

Crop Coefficient

Ksat

Saturated Hydraulic Conductivity

MRG

Middle Rio Grande

MRGCD

Middle Rio Grande Conservancy District

METRIC

Mapping EvapoTranspiration at high Resolution using Internal Calibration

NDFD

National Digital Forecast Database

REF

Reference Evapotranspiration Footprint

SEB

Surface Energy Balance

SSURGO

Soil Survey Geographic database

WSS

Web Soil Survey

WX Station

Weather Station

1.0

Introduction

Assessing consumptive water use among individual irrigators can be extremely valuable to water
managers to find areas of improvement within an irrigation district. These improvements may be
for water use efficiency, such as laser leveling, or institutional improvements such as rulemaking
to better allocate water during times of scarcity. For the Middle Rio Grande (MRG) in central
New Mexico, accomplishing this on an individual field basis is a challenging problem since
metering on that scale does not exist.
Currently, there are remote sensing tools that are capable of mapping components of water use
like crop evapotranspiration at the field scale, however maintaining user trainings and the
physical infrastructure for the leading quantitative model, METRIC, can cost up to $75,000 for a
single year (McShane et al., 2017). Further, the quantitative accuracy of this model is challenged
as field sizes become smaller relative to pixel size, a trait common to MRG agriculture.
For the MRG, this kind of quantitative analysis is cost prohibitive, and unnecessarily exact. Water
managers would be able to make better informed institutional decisions if there were
computational tools that could at least determine relative differences between irrigated acreages.
These tools would not need to determine exactly how much water a field or group of fields
required, but how much water was required relative to the irrigation district. This would allow
managers and policymakers to locate areas where improvements could be made without having
to install costly meters to every field.
Pecos River Settlement (2003)
After concluding Texas v. New Mexico (1988), it was decided that the state of New Mexico had
granted far too many agricultural water rights in the Pecos River basin, granting water to New
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Mexicans that had belonged to Texas. To reverse this, the State of New Mexico entered into the
Pecos River Settlement (2003) and was tasked with purchasing agricultural lands to retire from
production to restore water to the river. This was no small task. To best achieve the objective of
making the Pecos River whole again, the Interstate Stream Commission (ISC) developed a
criterion for land assessment. Lands prioritized for purchase were those most advantageous to
the objective based on “price, administrative considerations, hydrologic factors, the timing of
increased water flow to the state line, and other considerations”. With $100 million in taxpayer
funds, the state acquired 7,492 acres from the Pecos Valley Artesian Conservancy District
(PVACD) and 4,497 acres from the Carlsbad Irrigation District (CID) (Mann 2011).
There are many aspects to be considered in water rights buybacks; however, the ‘hydrologic
concerns’ part of the ISC’s criteria is particularly interesting. Years after the buyback, some claim
that the retired farms required a relatively low amount of irrigation water compared to other
fields in the valley, while many of those left in production required a relatively higher amount
than their neighbors (Oglesby 2017, personal comm.). It stands to reason that relative water
requirements had not been a ‘hydrologic consideration’ or that other considerations outranked it.
If these requirements were to top the list, could the ISC have prioritized higher relative water use
lands instead, and fallowed a lower number of acres for the same water gain?
Middle Rio Grande
2018 was an excruciating year for farmers, fish, and water managers in the MRG. Snowpack from
the winter was dismal, and rain throughout the growing season was minimal. Fortunately, water
storage was high from the previous year, but unfortunately, these supplies were exhausted by
June. The Middle Rio Grande Conservancy District (MRGCD) went into ‘curtailment’, meaning it
had begun to shut off irrigation to farms in certain areas (MRGCD 2018). By the end of 2018, fish
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populations and river health also suffered harshly as the Rio Grande dried in several places
(Paskus 2018).
Irrigation forbearance is an institutional tool that can be an effective for improving river and fish
health during critically dry times like 2018 (Jones and Colby, 2010). This process works by water
managers entering into voluntary lease agreements with irrigators, lowering diversions and
leaving water in storage for later release as instream flow (Oad and King, 2005). For the MRG,
Oad and King (2005) highlight many institutional roadblocks that can hamper this process such
as Article VII of the Rio Grande compact and various basin accounting realities. However, at
various scales forbearance may still be a viable option for improving river health.
For forbearance in the MRG, Oad and King concluded that between 3.26 and 4.80 acre-feet of
water per acre can be stored in upstream reservoirs without causing excessive problems for
irrigators and downstream compact obligations. This would require about 14% of irrigated land in
the MRGCD, or 7,000 acres, to enter into a forbearance agreement for the entire season. This
would provide enough storage water for an instream flow release of about 100 cfs for six months.
For this to occur, some 14% of irrigated land in the MRGCD, or 7,000 acres, would require a
forbearance agreement for the entire season. The best approach, they advise, is to convince an
entire lateral to enter forbearance (Oad and King, 2005).
14% of MRGCD lands is likely too large of an area to reasonably expect to enter into a forbearance
agreement. And when the river is in dire need of a small flow to keep fish populations at least in
‘triage’, 100 cfs might be excessive. However – as in the Pecos – if some combination of fields and
laterals were to have a higher water requirement relative to others, perhaps a smaller constituency
of acreage could be brought into forbearance to achieve the same goals.
Studying Regional Water Requirements through Remote Sensing
10

Recent advances in remote sensing and GIS technology have transformed how we can assess
consumptive losses from agricultural evapotranspiration (ET) and inputs by precipitation to an
irrigation district. The Bureau of Reclamation currently operates a system called the ET Toolbox
which estimates these variables at a spatial resolution of 5 km (3.1 miles) (Bowers, 2008). At this
resolution, the ET Toolbox is incredibly useful for helping water managers understand and
predict water resource dynamics for several days in advance for large reaches of the MRG
(Bowers, 2008).
Unfortunately, the ET Toolbox misses some finer details about the district. The size of fields in
the Middle Rio Grande are notoriously small compared to other irrigation districts, and assessing
water use at the field scale (or lateral as suggested by Oad and King (2015)) isn’t possible. Lateral
studies are a possibility under the current configuration however at a 3.1-mile pixel resolution,
each pixel is bound to be an uneven mixture of agriculture, riparian, urban, and bare desert earth.
The true signal of agriculture is muddied by a multitude of other factors. Even with the Toolbox’s
given constraints, it does possess data that could be used with other higher resolution processes.
Pairing localized data with remote sensing tools and high-resolution imagery can improve our
understanding at a smaller scale.
The lesson of the Pecos River Settlement suggests that fallowing acres with a higher relative water
requirement has the potential to yield more water per acre in a given time. This professional
project suggests that this reasoning can be applied to the discussion of forbearance in the MRG.
Water managers should develop tools to address this need. If our ‘hydrologic consideration’
included an element of relative water use for each field or lateral based on past data, we can better
pinpoint lands that contribute more water per acre than others. This way, we may accomplish
various management goals with the fewest acres at potentially a lower cost.
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1.1

Purpose and objectives of this study

The purpose of this study is to test a cost-effective method of estimating relative agricultural
irrigation efficiency in the Middle Rio Grande basin. The specific objectives were:
1

Determine agricultural field extents, connections to laterals, and cropping patterns
from GIS shapefiles from MRGCD.

2

Use remote sensing methods to estimate evapotranspiration from agricultural
fields. Analyze average field ET values against all other fields in the data set.

3

Use GIS based soil survey information to estimate infiltration rates of each
agricultural field and analyze relative to one another.

4

Compile results and estimate which laterals may have the highest water
requirements based on evapotranspiration and soil infiltration rates.

1.2

Scope

The scope of this study is to evaluate agricultural water use in the Middle Rio Grande using freely
available methods. These methods can be useful in pinpointing where there are potential
inefficiencies in the system and directing decision makers toward addressing those inefficiencies.
The scope is not to locate agricultural inefficiencies for malice toward particular farms, but to
work with local landowners to improve water management at areas where it is needed most.
The information provided in this paper is intended to serve as a proof of concept for the methods
described and are limited in several ways. First, the spatial area analyzed is smaller than the
entire MRGCD jurisdictional area. This was done to simplify processing and eliminate the need
for mosaicking multiple satellite images. Within this boundary, the analysis included only those
fields that are operated by non-tribal agriculture. The shapefiles provided by MRGCD excluded
Pueblo lands, and attempts were not made to include them. Temporally, the period of analysis is
12

constrained to 2015. Cloud free images and model calibration data were most easily obtained for
those dates; however, data exist outside of that range, and should be utilized in subsequent work.
Statistically, the values presented on particular fields are intended as only a first approximation,
and not as conclusive evidence for policymaking. Evapotranspiration is notoriously challenging
from a quantitative perspective, and the values expressed here are examined as relative, not
absolute.

2.0 Background
2.1

Study region

The Middle Rio Grande basin area incorporates lands from the counties of Sandoval, Bernalillo,
Valencia, and Socorro, with contributing drainage from Torrance, Santa Fe, and Cibola (Mullins
and Hare, 1999). Operationally, the Middle Rio Grande stretches from the Otowi Bridge in Santa
Fe county to the Elephant Butte Reservoir in Sierra county. The river is operated by a consortium
of government and local entities, including the Bureau of Reclamation, the Army Corps of
Engineers, the MRGCD, and others. It delivers roughly a million acre-feet per year at Otowi
Bridge (USGS 2019b).

2.2

Agriculture

Sandoval, Bernalillo, Valencia and Socorro counties contain roughly 56,000 acres of irrigated
lands, 30,000 of which are alfalfa (Figure 1). Since 1978, the number of farms has increased from
1,500 to nearly 4,000, while the total acreage has only slightly decreased. This suggests that farms
are subdividing into smaller units, with roughly 700 of these smaller farms coming from larger
alfalfa fields.
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Figure 1: USDA Census of Agriculture Farm Data 1978 – 2012 (Haines et al., 2018)

Figure 2: USDA Census of Agriculture Economic Data 1988 – 2012 (Haines et al., 2018)
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Generally, farming in the Middle Rio Grande is unprofitable when compared with other regions of
New Mexico (Wozniak, 1998; Figure 2). The number of farms claiming a net loss since 1988 has
risen by 2000 while the number claiming a net gain has only risen by 700. This suggests that
while the number of farms in the MRG is rising steadily, the number of those claiming a loss are
outpacing those with gains. This is a typical trait of farming where people farm not for financial
necessity but out of enjoyment.

2.3.1

Water use and traditional efficiency

Irrigation efficiency is typically calculated in two different places – on-farm use and off-farm
conveyance. On-farm irrigation efficiency is generally expressed as a ratio of the volume of water
stored in the root zone over the volume of water diverted. Off-farm efficiency is expressed as the
percentage of water delivered to the farm over the total water diverted into the lateral (Wilson
and Lucero, 2003).
On farm water use can also be expressed as a water budget. This budget breaks down the fluxes
of water into separate components of inputs and outputs as seen in Equation 1 (Suong, 1995).
ET = P + Q in − I − Q out + ∆S
Where
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ET

Evaporation and Transpiration

P

Precipitation

Qin

Irrigation Water

I

Infiltration and Recharge to Groundwater

Qout

Surface Runoff

∆S

Change in storage (soil moisture)

(Equation 1)

It is helpful to compartmentalize water fluxes into components like ET and infiltration, which
allows us to understand movement of resources at different scales. Unfortunately, since MRGCD
does not run measurement systems at individual farm head gates, completing on-farm efficiency
estimations at the field scale is not possible.
MRGCD does control several stream gauges on various diversions and laterals that are able to
provide fairly low-resolution data roughly by lateral that essentially lumps together on and off
farm efficiency (see: https://www.mrgcd.com/water-measurements.aspx). Water diversions for
local agriculture from 1976 – 1999 were an average of 561,000 acre-feet per year (AFY). Of this, an
average of 30 percent was counted as transport losses, and another 30 percent was delivered to
farmers head gates (Papadopolous, 2001). This stream instrumentation network is useful,
however does not inform managers of individual field or even which component of the water
budget is being used.
This project seeks to understand the relative differences between two of the above components in
Equation 1 – evapotranspiration and infiltration. These are areas where irrigation water is either
consumed (ET) or converted to groundwater for later consumption (I). ET completely uses the
water by turning it into vapor. Infiltration (I) does not use the water per se but transfers a water
from the surface water component into groundwater.

2.3.2

Consumptive use - evapotranspiration

Evapotranspiration (ET) is the lumping of two processes – evaporation and transpiration of
plants. In an agricultural setting, this occurs when a free water surface meets the atmosphere,
and when plants uptake water from the soil and release it through the stomata in the leaves. This
process of vaporization requires energy to excite water into its gaseous state. This is the only
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component of the water balance that truly removes water from the system for any other
subsequent use.

2.3.3

Non-consumptive ‘use’ - infiltration

For this study, infiltration and recharge (I) are being used synonymously to denote water entering
the soil surface and changing form from surface water to groundwater. Water that enters the soil
surface and percolates toward the water table will help boost the river in the long term and is not
lost to the system. However, it is removed from surface water systems in the short term. The
meaning of ‘short term’ is critical here. In the case of extremely dry years like 2018, water that was
infiltrated toward groundwater may not have been lost, but it was not immediately capable of
providing benefit to fish or river health when the river needed it most.

2.4

Measuring evapotranspiration

Actual evapotranspiration (ETa) is measured extremely well using lysimeters. A lysimeter is
essentially a large barrel filled with soil and living plants set at the natural grade of the local area.
Below the ground surface, these barrels are placed on high precision scales that track the mass
balance over time, allowing researchers to understand inputs and outputs of water to a system.
Lysimeters are effective but costly and limited to the point scale in which they can occupy.
ET can be extrapolated to a local area using weather stations and crop coefficients (Equation 2,
Jensen and Allen, 2016). Crop coefficients (Kc) are created empirically to establish a modifier on
the reference ET (ETr) based on a crop type, development stage, and soil interactions (Jensen and
Allen 2016). These coefficients usually range from 0 to 1, and in some cases like alfalfa, up to 1.2.
ETa = ETr ∗ Kc
where
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(Equation 2)

ETa

Actual ET [m]

ETr

Reference ET [m]

Kc

Crop coefficient [unitless]

Reference ET is essentially the demand for water by the atmosphere. ETr is calculated a
multitude of different ways in varying degrees of complexity, however for this study, only the
Penman-Montieth equation (Equation 3) and Hargreaves-Samani equation (Equation 4) will be
discussed.
Calculation of Penman-Montieth can be data heavy, requiring hourly temperature, humidity,
wind speed, and solar radiation for inputs. In addition, it requires a battery of other equations
relating to solar constants, planetary declination, and surface roughness (Allen et al., 1989).
ρCp

ETr =

1 ∆ Rn + 0.0864 ra VPD
r
2.45
∆+γ(1+ c )

(Equation 3)

ra

Where:
Rn

Net radiation [MJ/m/day]

ra

Aerodynamic resistance [s/m]

𝛾

Psychrometric constant [kPa/°C]

VPD

Vapor Pressure Deficit [kPa]

Cp

Specific heat at constant pressure, 1.013 x 10-3 [MJ/kg/°C]

The MRGCD has experienced problems with instrumentation of Weather Stations (WX stations)
leading to data drift and stability errors that have made it costly to maintain weather data
networks (Bowers 2008). When quality data acquisition became a problem, the HargreavesSamani equation (Equation 4) was an attractive option. It has a significantly lower data overhead,
only requiring temperature and solar radiation and can be measured effectively by less trained
18

staff. In addition, Jensen estimates that 80% of ETr can be explained by temperature and solar
radiation alone (Samani 2019). Jensen and Allen (2016) also state that the Hargreaves-Samani can
be calibrated against the Penman-Montieth ET equation, making it a viable application for this
project.
R

a
ETr = 0.0023(Tmax − Tmin )0.5 (Tmean + 17.8) (λρw
)

(Equation 4)

Where
ETr

Reference ET [m/day]

Tmax

Maximum Temperature [C]

Tmin

Minimum Temperature [C]

Tmean Mean Temperature [C]
Ra

Average Daily Solar Radiation [MJ/m2/day]

λ

Latent heat of Vaporization [MJ R/g]

ρw

Density of liquid water [Mg/m3]

Advances in remote sensing including airborne and satellite imagery have helped greatly in taking
ET measurements from the local to the regional scale. The Mapping EvapoTranspiration with
Internalized Calibration (METRIC) method is a well-established model used by water managers
and federal agencies across the western United States. Validation studies of METRIC vs
lysimeters and Bowen Ratios have shown an accuracy rate of 85 – 95 percent (Irmak et al., 2012;
McShane et al., 2017).
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METRIC
Mapping EvapoTranspiration with Internalized Calibration (METRIC) is a surface energy balance
model that determines the latent heat of evaporation as a residual of the energy balance equation
first applied by Bastiaanssen et al., (1998):
LE = Rn − G – H

(Equation 5)

where
LE

Latent heat of vaporization, or the energy required to evaporate water
[W/m2]

Rn

Net radiation, or the sum of incoming and exiting short and longwave
radiation to the Earth [W/m2]

G

The heat flux conducted into the ground [W/m2]

H

The sensible heat flux of the atmosphere [W/m2]

Theoretically, after all sources of energy are accounted for, the only remaining unaccounted for
quantity must be energy related to evaporating water. This quantity of energy can be converted
mathematically into a volume of water by the latent heat of vaporization.
METRIC requires several different inputs at various stages of the process in order to calculate
Equation 5. Landsat satellite imagery provides energy signature data (short and longwave) at the
land surface, hourly weather data from a ground-based source, and a 30-meter digital elevation
model (DEM). This process uses the Penman Montieth equation (Equation 3) to determine ETr
(Allen 2007) and uses Equation 2 to solve for ETa in the same manner. However, METRIC uses a
different term, ETrF, in place of a crop coefficient (Kc). ETrF serves the same functional purpose
as a crop coefficient and represents the growth stage of the crop (Spiliotopoulos et al., 2017).
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For internal calibration, METRIC utilizes ‘hot’ and ‘cold’ pixels in the image to differentiate the
extremes of ET. The hot pixel is determined by an analyst to be the driest on the image, and the
cold pixel is wet – essentially a well-watered agricultural field where ET would be greatest (Allen
2007). The process of pixel selection requires some level of skill by an analyst and requires users
to be somewhat well trained in the process (Allen 2007).
To assess greenness, or plant-based productivity, METRIC uses the Normalized Difference
Vegetation Index (NDVI). This vegetation index is a common method used in environmental
studies that converts an aerial image into a series of values from -1 to 1 using images in the near
infrared and red bands (Equation 6).
NDVI =

ρNIR− ρRed
ρNIR+ ρRed

(Equation 6)

McShane et al. (2017) summarize the leading surface energy balance models and give this quick
explanation of METRIC: “In brief, METRIC computes net radiation (Rn) from narrowband
reflectance and surface temperature; ground heat flux (G) from Rn, surface temperature, and
vegetation indices; and sensible heat flux (H) from surface temperature, wind speed, and surface
roughness.”
METRIC-EEFlux
The METRIC process has recently been automated onto a Google Earth Engine (GEE) cloudcomputation based system that distributes ET maps freely called METRIC-EEFlux. This
automated version lacks the expertise of a skilled analyst; however it appears to work well enough
with calibration to local sources. EEFlux error is somewhere around a 60% overestimation before
calibration (Salinas, 2017).
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Just as with METRIC, EEFlux uses Landsat 7 and Landsat 8 Tier 1 data products (30-m spatial
resolution) as a raw source of imagery (Foolad et al., 2018). Tier 1 level imagery reflects the data
processing level of the raw images by USGS and is radiometrically and geometrically corrected for
time series data analysis (USGS 2019). However, Landsat 7’s Earth Thematic Mapper Plus (ETM+)
sensor exhibits problems caused by the ‘scan line error’ which causes striping in all its images
(USGS, 2019). To correct for the striping, heavy spatial interpolation based on either neighboring
pixels or inserting pixels from a previous pass over is required (Salinas 2017). This can be labor
intensive. It ‘creates’ data unseen by the actual sensor, or it introduces some temporal lag effects
between affected pixels where ET is measured.
Eliminating Landsat 7 imagery does limit the potential for data inputs; however, this is easily
amended with some fortuitous geometry of the Middle Rio Grande. Landsat satellite overpass
occurs every 16 days with some overlap between paths to ensure full coverage. The area of
interest lies completely within the overlap of paths 033 and 034, taking the satellite return interval
from 16 days to 8, essentially doubling available imagery (Figure 3 for flight path geometry).
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Figure 3: Landsat footprint geometry. The satellite travels from N-S and captures the MRG twice
per cycle.
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Weather Stations
As of 2008, MRGCD had been operating as many as 20 ground-based climate stations measuring
temperature, humidity, wind speed, precipitation, and solar radiation – enough for a Penman
Montieth equation (Bowers, 2008). These data are used in the ET Toolbox for calculating ETr in
the basin for river operations. However, the number of weather stations (WX stations) in
operation has decreased over the years due to animal damage, vandalism, telemetry problems,
and landowner issues. When data problems exist, the National Digital Forecast Database (NDFD)
is used to backfill station data wherever possible.
The NDFD is a 5-km gridded remote system that collects maximum and minimum temperatures,
relative humidity, wind speed, precipitation, and sky cover. Solar radiation is not accounted for
in this process but has been estimated in the Hargreaves algorithms in Bowers (2008). Bowers
explains how the NDFD relates to actual station data:
“The ETo [reference ET, or ETr] calculation should be performed with actual climate data. However,
in recent years, due to problems with climate stations, the Toolbox has increasingly relied on NDFD
data. While this is not the preferred approach, comparisons of forecast data and actual climate data
have shown good agreement”.
For 2015, all 13 stations contain a control code ‘ndfd1TWHrS’ meaning that all data presented –
and most importantly the Toolbox’s ETr calculation – were accomplished using data from the
NDFD data.

2.4.1

Balancing water use and agricultural productivity

High water use is required for high yields in agricultural areas, and Equation 7 is meant to
differentiate where water use does and does not scale with productivity (Salinas, 2017). With ET
being a measure of water consumed, and NDVI being a measure of productivity, they are ranked
24

lowest to highest and compared against one another. This ‘Reference ET Footprint’ (REF) index is
calculated to show relative differences between water use and productivity. A REF value larger
than 0 suggests that a field required more water relative to local NDVI, and a value less than 0
suggested that a field required less water than its relative NDVI.
𝑅𝐸𝐹 =

𝑀𝐸𝑇 ∗100
𝑛

−

𝑀𝑁𝐷𝑉𝐼 ∗100
𝑛

(Eq. 7)

Where
REF

Relative ET Footprint [unitless]

MET

Rank order of annual ET [mm/yr]

MNDVI Rank order of mean NDVI
n

Total number of irrigated fields

100

Scalar to normalize values

This provides a method to compare water use to vegetative productivity and give a measure of
where potential losses are occurring at the field scale. Once a field REF is calculated, a mean is
taken of all fields per lateral and compared to one another.

2.5

Estimating regional infiltration rates with soil surveys

The U.S. Department of Agriculture’s (USDA) National Resource Conservation Service (NRCS) is
responsible for collecting and distributing soils data nationwide. These data are collected in soil
surveys done at various scales from the county to state level and include spatial extents
(shapefiles) as well as tabular data of the soil physical properties. These properties include soil
texture, bulk density ranges, salinity. The Soil Survey Geographic (SSURGO) database uses the
highest level of spatial detail, the county soil surveys, and is freely available through the NRCS
Web Soil Survey (WSS) webpage.
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This study utilizes a small section of the SSURGO database, namely the saturated hydraulic
conductivity (Ksat). This value expresses how fast water will enter the soil and is driven by the
soil texture – or the proportion of sand, silt, and clay in a soil unit. Particle sizes range from 2 mm
to 0.06 mm for sand, 0.06 mm to 0.002 mm for silt, and less than 0.002 for clays (Soil Survey
Manual, 2017). Generally, as the textural class of a soil unit becomes coarser, the Ksat will be
higher.
These rates are expressed in micrometers per second (μm/sec) but are converted to ft/day in
Table 2 to keep consistent with the vernacular of water resource professionals.
Table 2: Saturated hydraulic conductivity rates from NRCS based on soil texture:
Texture
Coarse Sand
Sand
Loamy Sands
Sandy Loam
Very Fine Sandy Loam
Loam
Silt Loam
Silt
Clay Loam
Sandy Clay Loam
Silty Clay Loam
Sandy Clay
Silty Clay
Clay
Cd Horizon
Natric Horizon
Fragipan

3.0

Textural Class
Coarse
Coarse

General
Sandy
Sandy

Ksat Class
Very Rapid
Rapid

Ksat Rate [ft/day]
> 40
40 – 12

Mod. Coarse
Medium

Loamy
Loamy

Moderately Rapid
Moderate

12 – 4
4 – 1.2

Mod. Fine

Loamy

Moderately Slow

1.2 – 0.4

Fine and Very
Fine

Clayey

Slow

0.4 – 0.12

Very slow to
impenetrable

0.12 - 0

Methods

This project uses methods adapted from Salinas, 2017, and utilized data and analyses from
multiple different sources on several software platforms. ETa and ETrF images were obtained
from the METRIC-EEFlux website (v. 0.10.4; EEFlux, 2018) and weather data used for calibration
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were obtained from the ET Toolbox (USBOR, 2018). EEFlux images were manipulated primarily
in TerrSet remote sensing software (formerly IDRISI, Clark Labs v. 18.3) and Arcmap (ESRI, v.
10.6). Weather data were analyzed in Excel and Access 2016, and R-Studio (v. 1.1.4) was used for
regression and data visualization. Soil data were obtained from the NRCS Web Soil Surveys
SSURGO database (WSS, 2019) and analyzed in Arcmap (ESRI, v. 10.6) using the NRCS Soil Data
Viewer (v. 6.2) plugin. Shapefiles depicting irrigated acreage and crop type in addition to GPS
locations of weather stations were obtained directly from MRGCD in relational geodatabases
(.gdb).

3.1

ET modeling

3.1.1

ET data acquisition

For the year 2015, a cloud-free image per calendar month was identified in EEFlux for analysis
(Table 3). The February and September images had 15% and 18% cloud cover by area, respectively,
but the clouds were not centered over the area of interest and were later clipped. For each date,
an ETa and ETrF image were downloaded. As in Salinas, 2017, ETa was divided by ETrF
(ETa/ETrF) for each date to obtain 12 ETr images.
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Table 3: Landsat 8 image dates and WRS paths for EEFlux.
Image No.
1
2
3
4
5
6
7
8
9
10
11
12

Day of Year
019
035
074
106
131
170
202
227
266
298
323
355

Date
1/19/2015
2/4/2015
3/15/2015
4/16/2015
5/11/2015
6/19/2015
7/21/2015
8/15/2015
9/23/2015
10/25/2015
11/19/2015
12/21/2015

Path
033
033
034
034
033
034
034
033
034
034
033
033

Row
036
036
036
036
036
036
036
036
036
036
036
036

Landsat Code
LC80330362015019LGN01
LC80330362015035LGN01
LC80340362015074LGN01
LC80340362015106LGN01
LC80330362015131LGN03
LC80340362015170LGN01
LC80340362015202LGN01
LC80330362015227LGN01
LC80340362015266LGN01
LC80340362015298LGN01
LC80330362015323LGN01
LC80330362015355LGN01

The ETr images contained numerous holes in the area of interest and were corrected with spatial
interpolation. Using a wide 7x7 median filter in the Model Builder of TerrSet, the original ETr
image was reclassified into a new Boolean mask – where data were present became a 0, and where
there was no data became a 1. Then, the filter passed over the entire original image and created a
new image where each pixel is a median of its 49 neighboring pixels. In this new image, all pixel
data, including data that are present in the original, are now changed; however there is now data
in some of the holes. This new filtered image is multiplied by the Boolean mask to remove all
data present in the original. This ‘new data’ image was then added into the original. In the final
image, the only pixel data that changed was where there were no data previously. Due to
resolution and size of the holes, this step required up to 100 filter iterations for each image.

3.1.2

Weather station data

MRGCD operated weather station data were obtained from the ET Toolbox historical data 2015
page for 13 stations (table 4). The Hargreaves reference ET calculation for each image date (Table
3) was loaded into a spreadsheet as the ‘observed’ ETr and saved for analysis.
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Table 4: Weather Stations, Locations, and Settings.
WX
Station
1
2
3
4
5
6
7
8
9
10
11
12
13

29

Short code

Long Name

Latitude

Longitude

Setting

ASFN
BBAN
BWWN
CFMN
CSBN
GWFN
IHFM
JRLN
LGFN
LLZN
LNCN
PDFN
TBFM

Adolf Sanchez Farms
Bosque Bar
Bosque Farms
Candalaria Farms
Corrales Bosque
Gus Wagner Farms
San Acacia
So. of Belen
Ladd Gordon Farms
Luis Lopez Farms
Lemitar Nature Center
Price Dairy
Toni Barrow Farm

34.550
35.048
34.832
35.133
35.261
34.083
34.256
34.611
34.431
33.95
34.164
34.981
34.705

-106.767
-106.664
-106.711
-106.683
-106.596
-106.883
-106.897
-106.755
-106.826
-106.867
-106.891
-106.669
-106.772

Agriculture
Bosque
Agriculture
Agriculture
Bosque
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Bosque
Dairy
Agriculture

Figure 4 – MRGCD locations of WX stations.

30

3.1.3

ET model calibration

Coordinates for the WX Stations were loaded into TerrSet and overlaid to the spatially corrected
ETr images. For each of the 13 sites, the EEFlux ETr was recorded into the spreadsheet for each
date as the ‘predicted’ value. In Excel, each date and station had a WX observed and an EEFlux
predicted ETr value. As in Salinas (2017), a proportion was taken between observed/predicted
pair to obtain a correction factor. An average of the correction factors for every date and site were
taken. The ‘date’ set of correction factors essentially lumped all geographic heterogeneity into
one single factor per day, and the ‘site’ factor lumped all temporal seasonality into one factor.
Date factors were found to fit the process better, and ETr images for each date were multiplied by
their associated date factors in Table 5 (see Results).
To finish, ETrF and ETr images were multiplied together again to create 12 corrected ETa images.

3.1.4

ET model temporal interpolation

The 12 ETa images account for 12 days of actual ET for the year and require another Model Builder
session to extrapolate to a 365-day, annual set. For this, a difference was taken between two
sequential images, and then divided by the number of days between the images (T2-T1/number of
days). This new temporary image was added to T1 and continued sequentially through the
number of days until a full set of images existed for each day. This process essentially splits the
difference between two quantities and rations it out between a series of time steps between them.
Once 365 days of ETa images were created, they were all added together to make one final annual
ET raster.

3.1.5

Combining evapotranspiration with agricultural cropping patterns

The annual ET raster (in units of depth of water, meters) and MRGCD irrigated acreage shapefiles
were brought into ArcMap for further processing. The Zonal Statistics tool (Spatial Analyst) was
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used to multiply the pixel ET depth by the polygon field area and output the data into a table of
volume of water per field. This table was joined to the original MRGCD irrigated acreage
shapefile, in acre-feet per year (AFY).

3.1.6

Assessing efficiency - relative evapotranspiration footprint

NDVI for each image date was also downloaded from EEFlux and compared with the annual ETa.
In TerrSet, the mean of pixels was taken for all 12 images to produce one mean NDVI image for
2015. This image was loaded into ArcMap and the Zonal Statistics tool was used again to assess a
mean NDVI for each field. The ET and NDVI values were ranked in Excel for all fields and were
used to calculate a REF value from Equation 7.

3.2

Soil infiltration analysis

3.2.1

SSURGO

The MRGCD jurisdictional area shapefile was uploaded to WSS and the resulting SSURGO
database was downloaded in three sections due to size constraints (>100,000 acres). The
Saturated Hydraulic Conductivity (Ksat) analysis was chosen using the surface layer as the depth
parameter within the Soil Data Viewer plugin for ArcMap. Three shapefiles were exported and
joined together from this tool.
The resulting shapefiles were rasterized in ArcMap to a 30-meter pixel size and aggregated
similarly as the ET raster using the Zonal Statistics tool. The average Ksat for each irrigated field
was added to the attribute table.
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4.0 Results
4.1

ET model results

Model Validation
The correction factors calculated in Table 5 show an average of 62.4% overestimate by EEFlux,
which closely matched the findings of Salinas (2017). The ET model greatly improved its
agreement between observed and predicted ETr with addition of the correction factors from the
weather data. The R2 of the uncorrected was 0.758 and the corrected was 0.975 (Figure 5).

Figure 5 – Uncorrected vs Corrected EEFlux Data.
Table 5: Correction factors calculated from EEFlux and MRGCD Hargreaves ET values and used to
calibrate the MRGCD ET data to the EEFlux data.
Image Date
1/19/2015
2/4/2015
3/15/2015
4/16/2015
5/11/2015
6/19/2015
7/21/2015
8/15/2015
9/23/2015
10/25/2015
11/19/2015
12/21/2015
33

Average Correction Factor
0.567
0.468
0.757
0.404
0.678
0.645
0.822
0.849
0.715
0.683
0.465
0.441

The ET and NDVI percentiles shown in Figure 6 represent for REF values from Equation 7. Each
dot represents a different field of alfalfa in the MRG, and has its ET percentile plotted along the yaxis, and NDVI percentile along the x- axis. This breaks Equation 7 into its component terms of
ET percentile and NDVI percentile, and provides a visualization of each value.
The logic of Figure 6 is that any value over the red 1:1 line has a total REF value of less than 0 and
is using more water than converting to vegetative growth relative to other fields. And conversely,
values below are greater than 0, exhibit higher greenness relative to the water they require.
Alfalfa was pulled out of the total number of fields to isolate the REF signal; however there does
not appear to be any pattern or relationship between EEFlux and NDVI in this case.

Figure 6 – Alfalfa ET vs NDVI.
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4.2

Soil infiltration results

Ksat values exported from the SSURGO database are shown in Figure 7. This figure shows
estimated infiltration rates for the Bernalillo county area. Irrigated agriculture covers most of the
area, but the field shapes were omitted from this figure for clarity. This figure highlights those
pockets of yellow and red (medium and fast rated soils) that exist in the jurisdictional area.
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Figure 7: Ksat values for the Albuquerque area.
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Figure 8 – REF values by lateral. Colors shown are all fields averaged together per lateral and
range from green to blue. Blue requiring more water relative to production of the whole basin.
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Figure 9 – Ksat values by lateral. Colors shown are all fields averaged together per lateral and
range from green to blue. Green having the slowest infiltration, and blue having the highest.
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5.0 Discussion
5.1

Evapotranspiration results

The validation of Predicted EEFlux ET vs Observed MRGCD ET in Figure 5 shows a high degree of
potential in this method for understanding relative consumptive water use on a regional basis. By
adapting the methods in Salinas (2017) to fit MRG needs, this could be a viable option to
unobtrusively get a handle on regional ET and productivity values without installation of costly
and politically unpopular meters.
In Figure 5, the clustering seen in the uncorrected panel is primarily from month to month error.
The spring and summer months of April, May, and June all saw large jumps in EEFlux ET that
were not reflected in MRGCD Hargreaves calculation. These are the small clusters above the
trendline that lower the R2. These errors may be due to the fact that the Penman-Monteith ET
calculation factors in winds – something the MRG is well known for – and Hargreaves does not.
However, applying the individual correction factors by date to each image eliminated the
clustering, and aligned the EEFlux data to the MRGCD data. This essentially degrades the
Penman Montieth ET results obtained by EEFlux to the Hargreaves method.
REF values shown in Figure 6 did not show any kind of a relationship to one another or to the red
1:1 line. Salinas’s work had a much clearer relationship between ET and NDVI percentile and the
values hugged the 1:1 line, resembling a disk. Here, even by selecting alfalfa as a single crop, some
extreme outliers persisted. These outliers are in the furthest corners from the 1:1 line and suggest
that some fields require no water at all to achieve 100% relative productivity, or they only
evapotranspire water without growth. This is not the reality of the landscape. This is likely due
to a small sample size of imagery, time, and pixel size relative to farm size. This is discussed
further in the technical recommendations (Section 5.2).
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Landsat and METRIC-EEFLUX pixel size brings another issue for MRGCD fields that is not
applicable to other locations this tool has been applied. On larger fields, the tool seems to
capture essentially what is going on. Figure 10 and 11 (In Appendix) show several fields in
Albuquerque where I-40 crosses the Rio Grande. The large field adjacent the legend has a low
corner in it that attracts Canada geese in the winter, and always appears wetter than the rest of
the farm. The tool seems to have captured this effect in its estimation of ET or overall wetness.
Conversely, the small field sizes seen in the northeast of the map are sometimes not even enough
to cover one pixel, let alone enough to get a representative sample. Fields like this may be part of
the reason that the 1:1 relationship seen above is an ineffective way of assessing REF values.
Even with the drawbacks, certain trends can be observed in the REF and soil infiltration rate maps
as they are averaged over an entire lateral (Figure 8 and 9). In the case for REF (Figure 8), the
values are on average higher as the lateral becomes further removed from the river, or further up
into the foothills. This relationship holds for multiple areas of the basin. Figure 9 (Ksat) is a
similar lateral aggregate, where all field Ksat’s are averaged per lateral. Similar trends show
themselves as soil types transition to upland areas which are often sandier in composition.
However, in this example it seems as if the middle lateral, not riverside, nor upland, has the
lowest average Ksat.
The relationship seen in Figure 8 and 9 also show something historically intuitive – when people
began agriculture in the basin, they chose the best lands first. These lands were often closest to
the river, had the right soil type, and required the least amount of effort to get water to fields.
Fields chosen in this way were likely more efficient in the long run. As farming expanded to areas
further removed from the river and into the uplands, these areas typically have less desirable soil
types (Figure 7) and are less efficient in the long run.
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5.2

Soil infiltration rates

The Ksat values shown in Figure 7 suggest that there are certain areas within the MRG irrigated
area where soils have an estimated infiltration rate varying from roughly 25 feet per day to nearly
zero. This is an interesting problem when examining how irrigation water is routed through
unlined ditches, or irrigating fields in high Ksat areas. In years like 2018 when there is a premium
on surface water, water applied to some of these high Ksat areas would sink rapidly.
As seen in Figure 9, the same lateral grouping can be done for Ksat as REF values. This figure, and
Figure 7, show that as lands get further away from the river that Ksat increases. This suggests that
fields within those laterals would have a higher overall infiltration rate, and without
improvements like laser leveling and other soil amendments, water would infiltrate deeper and
faster than other fields within the basin. However, in this example, it seems as if the middle
lateral, not riverside, nor upland, has the lowest average Ksat.
This is a very bare-bones analysis, depending purely on the data presented by the SSURGO
database. But it is a fascinating, fast, and cost-effective look at regional hydrology. Within the
shapes presented, old oxbows and floodplains can be observed in the data, and this has large
implications on water behavior in the basin. While this methodology certainly needs groundtruthing to improve reliability, it is a valuable first approximation for this type of analysis.

5.3

Final recommendations and improvements on future research

If forbearance were to be used as a management tool on the MRG, these methods show potential
to highlight which parts of the basin would have a higher return on investment (in water) for the
river. The methods do two things – first, it balances ET with NDVI productivity, allowing an
estimation of water consumed vs yield. This would allow managers to have an estimate of areas
using the most water for the least amount of agricultural production. Figures 1 and 2 highlight
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that there are many farmers in the basin who consistently post losses on their farming. These
groups are not farming for financial necessity and are not maximizing the financial gain from each
acre-foot allotted to them.
And second, it estimates the average infiltration rate of each field within the basin. Again, while
water infiltrated into the ground may not be ‘lost’ to the system, in years when the river is
extremely low (Paskus, 2018) there is a premium placed on every acre-foot of surface water. In the
extremely short term of weeks to a month, there is little to be gained from putting that water
underground.
Using the REF and Ksat by lateral maps (Figure 8 and 9), managers should be able to easily
pinpoint which laterals would be better candidates for forbearance and give the best return on
investment for the process – without removing the more economically productive fields in the
valley. By addressing this with the right ‘hydrologic considerations’, this would help the river by
leaving water in it. It would help irrigators by fallowing a lower number of acres overall, and
avoid forbearance on the more agriculturally productive (and financially dependent). It could
help managers by lowering the total number of acres needed for a particular management action,
and lower forbearance costs while achieving the intended result.
Improvements for Future Research
1. Increase of imagery
The Landsat path and row geometry should be utilized to increase imagery acquisition to the
highest extent possible. The potential temporal resolution of 8 days leading as far back as Landsat
8’s launch in 2013 would provide a much more robust data set for assessing trends. Allen (2007)
suggests that one image per month is enough to capture the annual curve of ET across an entire
growing season, but alfalfa is grown and harvested multiple times per season. Its ET curve has
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multiple spikes and restarts during the growing season, requiring more imagery to adequately
capture.
2. Constrain to growing season
For this study, it was decided to use one image per month of the calendar year for test purposes.
However, since irrigators within the basin are not irrigating during the winter months, it is not
accurate to use a 12-month calendar to count ET. A better model would key in on the growing
season and assess ET only during those months.
3. Swap EEFlux ETrF for Kc from the ET Toolbox
The ETrF seemed to work well enough for this study; however, its mechanisms are slightly ‘black
box’ on the consumer end of EEFlux’s development. Peeling apart the METRIC processes is
challenging without formal training from Richard Allen and his team. The ETrF is believed to be
developed for alfalfa only, and running other MRGCD crops such as corn, wheat, or pecans may
skew results.
A potentially better method, and more keeping with current management of the MRG would be
to use the Kc and ETr triggers set in Bowers, 2008. These coefficients are varied by crop type and
are triggered on different dates depending on ETr. These could be added spatially using a
Thiessen polygon method around each station, with associated tables for trigger dates. This
would key in to specific crop types and geographical location, and likely improve results.
4. Utilize the WX stations for full Penman -Monteith equation
Hargreaves ET from the WX stations achieved a good calibration with the Penman-Monteith ET
calculated by EEFlux. There were challenges in this project to find all the necessary components
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of the Penman Monteith equation in the WX data, and that led to using Hargreaves as a
simplifying step. A better method would use an apples-to-apples comparison of ET methods.
5. Threshold Field Size
Some fields were extremely small and did not cover even a single pixel (see Figures 10 and 11 in the
Appendix). Ideally, these should be thrown out of future analyses using this method. If these
small fields are decided to be of consequence, other methods utilizing finer resolution imagery
could be used.
6. Alternate Imagery and Methods
Salinas’ (2017) methods were chosen as a simplified method of comparing ET to productivity
(NDVI). Other vegetation index methods were attempted with low success rate due to a
mishandling of the process by the author. These methods and full descriptions can be found in
Jensen and Allen, (2016), Biggs et al., (2015), Nagler et al., (2009), and Glenn et al., (2008). These
papers provide methods to statistically relate a vegetation index to a crop coefficient (Kc) and use
the weather stations for determining ETr as done in the basic ET equation (Equation 2).
If improved resolution is required, the European satellite Sentinel-2 can provide multi-spectral
satellite imagery with a 10-meter pixel size, capable of delivering finer resolution results.
METRIC-EEFlux would not be an option for this; however, the other vegetation index methods
described above can be effective. This would vastly improve the pixel size issue but may reduce
temporal resolution since Sentinel-2 does not have the fortuitous flyover geometry that Landsat
does.
7. Ground truthing
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Ground truthing was outside the scope of this project and a mathematical validation was used
instead (Figure 5). However, assessing EEFlux’s and SSURGO’s Ksat should be carried out.
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Appendix

Figure 10: Various sized farms in Albuquerque. Shown to highlight small farm size vs pixel size.
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Figure 11: Pixel sizes in Albuquerque. Notice the field in the red circle with the low SW corner
where water collects.
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